Single-cell analysis has become important because of the emerging consensus that significant cellular heterogeneity is present, even within an isogenic cell population. [1] Several single-cell analysis techniques,s uch as DNAs equencing, protein arrays,mass spectrometry,and fluorescence activated cell sorting analyses exist but necessitate cell lysis. [2] In contrast, live-cell imaging allows the dynamic analysis of single cells within varied cell culture environments.W hile fluorescence techniques offer high spatial resolution at fast acquisition speeds, [3] they require prior labeling of specific epitopes,and suffer from photobleaching and spectral overlap of broad emission bands.S ingle-cell analysis protocols also necessitate effective capture and containment of individual cells. [1a] While microfluidic devices, [4] optical traps, [5] and microwells [6] have been employed with varying degrees of success for cell manipulation, there remains ap ressing need for an integrated platform for cell capture and multiplexed, nonperturbative measurement of the three-dimensional (3D) cell surface molecular expression.
Single-cell analysis has become important because of the emerging consensus that significant cellular heterogeneity is present, even within an isogenic cell population. [1] Several single-cell analysis techniques,s uch as DNAs equencing, protein arrays,mass spectrometry,and fluorescence activated cell sorting analyses exist but necessitate cell lysis. [2] In contrast, live-cell imaging allows the dynamic analysis of single cells within varied cell culture environments.W hile fluorescence techniques offer high spatial resolution at fast acquisition speeds, [3] they require prior labeling of specific epitopes,and suffer from photobleaching and spectral overlap of broad emission bands.S ingle-cell analysis protocols also necessitate effective capture and containment of individual cells. [1a] While microfluidic devices, [4] optical traps, [5] and microwells [6] have been employed with varying degrees of success for cell manipulation, there remains ap ressing need for an integrated platform for cell capture and multiplexed, nonperturbative measurement of the three-dimensional (3D) cell surface molecular expression.
Herein, we report such an approach termed mechanical trap surface-enhanced Raman spectroscopy (MTSERS), which leverages single-cell manipulators and plasmonenhanced endogenous inelastic optical scattering. The mechanical traps (MTs) utilize energy released from differential residual stress in patterned nanoscale bilayers, [7] so that cells cannot only be captured, [8] but also their 3D surfaces can be spectroscopically analyzed in diverse environments,b oth on-and off-chip,o ver extended periods.M TSERS leverages the exquisite molecular specificity of Raman spectroscopy, which offers direct, quantitative,l abel-free chemical analysis in an ondestructive and real-time manner with subcellular microscale spatial resolution. [9] To boost the inherently weak signals of spontaneous inelastic scattering,w eu tilize the electromagnetic field enhancement of localized plasmonic resonances in the vicinity of gold (Au) nanostars (GNSs) which are coated on the inner surfaces of the MTs.T his approach allows us to perform SERS measurements which can furnish significantly amplified spectral fingerprints, [10] high photostability,a nd enable extensive multiplexing and ready extension to spectroscopic imaging.
TheM Ta rray was designed and fabricated using transparent arms composed of glasslike materials,namely SiO and SiO 2 ,o naquartz substrate to reduce any Raman signal interference ( Figure 1A ;s ee Figure S1 in the Supporting Information). TheMTs could be fabricated with tunable small sizes relevant to different single cells or micro-objects.Asan example,t he tip-to-tip size of 70 mmw as determined to be optimal for encapsulation of as ingle MDA-MB-231 breast Abstract: Reported is an ew shell-based spectroscopic platform, named mechanical trap surface-enhanced Raman spectroscopy( MTSERS), for simultaneous capture,p rofiling,a nd 3D microscopic mapping of the intrinsic molecular signatures on the membrane of single live cells.B yl everaging the functionalization of the inner surfaces of the MTs with plasmonic gold nanostars,a nd conformal contact of the cell membrane,M TSERS permits excellent signal enhancement, reliably detects molecular signatures,a nd allows non-perturbative,multiplex 3D surface imaging of analytes,such as lipids and proteins on the surface of single cells.T he demonstrated ability underscores the potential of MTSERS to perform 3D spectroscopic microimaging and to furnish biologically interpretable,quantitative,and dynamic molecular maps in live cell populations. cancer cell used in this study.B yd issolving the germanium (Ge) sacrificial layer in the cell culture medium, and by tailoring the thin film stress in SiO and SiO 2 ,the four optically transparent arms of the MT could be released to fold and wrap around live cells in media without the need for any tethers,w ires,o rb atteries.P revious studies have demonstrated that Ge is biocompatible. [11] We have confirmed biocompatibility of the entire MT live-cell encapsulation process and these details as well as the fabrication of MT microarray,a nd its use for cell capture,a re detailed in the Supporting Information. We implemented SERS spectroscopic molecular profiling and imaging using an inverted confocal Raman microscope ( Figure 1B) . Electron microscopy and SERS measurements were used to confirm the successful trapping of live cells by the arrayed MTs (Figures 1C-F). It is important to note that MTSERS is sensitive to the surface molecular information of captured objects because of the exclusive contact of plasmonic GNSs with the captured cell surface and short range (% few nm) electromagnetic enhancement. [12] We first validated two important capabilities of MTSERS, namely a) the ability to spectroscopically image the molecular signatures of an entrapped object, and b) the capability for dynamic,i nsitu measurements using model Janus-like microbeads (diameter:1 5mm), with spatially well-defined molecular surfaces.O ne hemisphere of the microbeads was coated with at hin Au layer and then functionalized with nitrothiophenol (NTP), aR aman-active molecule,w hich selectively binds to Au through at hiol linkage ( Figure 2 ; see Figure S3 ). TheS ERS spectrum (Figure 2A )a cquired from the trapped microbeads exhibits features consistent with known Raman peaks of NTP (detailed assignments in Table S1 ). [13] Ther esultant spatial map clearly indicates that the SERS signal of NTP is much stronger in the selectively functionalized Au surface plasmon-enhanced hemisphere than in the other hemisphere,a se xpected ( Figure 2B ). [14] Furthermore,w eo bserved that in situ, the dynamic SERS intensity of NTP functionalized and entrapped Janus microbeads exhibited ab iexponential temporal decay in the presence of oxidants ( Figures 2C,D) . Thec omparison to the decay profiles resulting from the addition of either H 2 O 2 or APS-100 show similarity in the shapes but also reveal the distinctiveness in the strength of the oxidation ( Figure 2D ).
We note that the contact trapping of MTSERS offers considerable stabilization to the micro-object such that a3 D microscopic map of the molecular signatures can be obtained in diverse environments.W ec ollected as eries of 2D spectroscopic images of trapped NTP-modified Janus microbeads,a sam odel system, in al iquid sample by moving the focal plane along the Z-axis (the Z-resolution of the microscope:ca. 1.3 mm; Figures 3A,B ). This stabilization allowed us to use MATLAB to process the images and generate a3 Dm ap of the distribution of NTP on the microbead on-chip ( Figure 3C ), and even in dry and off-chip free-floating environments.Such 3D surface chemistry micromaps cannot be readily generated by other spectroscopic methods (see Figure S4 ). Theh igh S/N ratio of the recorded spectra suggests that live-cell analysis could be achieved in similarly diverse environments with either tethered or untethered MTs on-and off-chip. B) stacked 2D SERS images of atrapped microbead. C) 3D SERS images obtained from the microbead shown in (A) and constructed from the stacked images in (B;scale bar:5mm). SERS images were constructed by integrating the SERS intensity of the -OÀNÀO-band at 1342 cm À1 from spectrameasured at 2.5 mmintervals along the z-axis. The SERS intensity was normalizedb ythe maximum intensity for each trapped microbead (integration time:1s, 50 50 pixels over an 80 80 mm 2 area).
Ap articularly important application of SERS is in livecell imaging,w here aw ide range of cell surface markers can be used for objective disease detection or to spectroscopically characterize cellular processes. [15] We utilized MTSERS to trap and image the cell membrane of the MDA-MB-231 breast cancer cell. We modified the individual MTs with auniform, high-density GNS coating (see Figures S6 and S7 ) to obtain plasmonic enhancement of the (endogenous) cellular Raman signals. [13] Arrays of cells were trapped and analyzed (see Figure S9 ). We measured strong SERS bands from protein and lipid components of the cell membrane when the cells were trapped in the GNS-modified MTs, whereas no Raman signals were observed from cells trapped in GNS-free MTs (see Figure S9 ;s pectral assignments in Table S1 [16] ). By immunofluorescent labeling of the captured cells,w eo bserved that the captured single cell largely conforms to the surface of the MTs,a st he cytoskeletal actin fibers (indicated by the red color in Figure 4E )c onform within the arms of MTs.D etails on fluorescence imaging are discussed in the Supporting Information and Figure S8 . Therefore,t he MTSERS method enables us to probe the cell surface area by providing 3D contact, compared to SERS profiling of cells on a2Dplane on open MTs (see Figure S10 ).
We acquired SERS spectra from live cells,w hich showed similar vibrational features to those from the fixed cells taken at 10 mW ( Figure 1F ;s ee Figure S9 ), albeit with different relative peak intensities ( Figure 4B ). Furthermore,w ew ere able to obtain as patial map of the different molecular distributions within the cell membrane by overlaying the optical image with the SERS image (see Figure S13 A). We also verified that the MT encapsulated cells remained viable for up to at least 2days after MTSERS imaging when kept at standard incubator conditions (37 8 8C/5 %C O 2 ;s ee Figure S13 B), thus suggesting that the approach could be used for long-term dynamic studies.F inally,w esought toe xploit the Raman microscopesd epth-profiling capability to obtain a3 Dm ap and spectroscopic reconstruction of the molecular constituents of the cell membrane ( Figure 4C ,D). Expectedly, these lipid image profiles are consistent with the shape of the cell which conforms to the 3D trap geometry.T he protein profiles exhibit as poradic distribution over the cell surface, and may be attributed to the spatial organization of the integral and peripheral membrane proteins.
In summary,M TSERS is an ew approach for nonperturbative cell-surface spectroscopic analysis.T he optically transparent MTs serve not only to capture and encapsulate individual cells but also to provide astable orientation for 3D imaging.F urthermore,G NS-modified MTs exhibited substantive amplification of intrinsic Raman signals of cell surface components owing to the tight MT-cell contact all around the cell, and cannot be obtained on 2D micropatterned substrates.T he amplification by plasmonic GNSs, in turn, enables the acquisition of high quality SERS data facilitating label-free,3 Dm olecular analysis of the plasma membrane in live cells.W eenvision our findings,with further refinement, will lead to an integrated, single-cell manipulation and analysis platform for long-term molecular mapping of the cell membrane in different milieu.
Experimental Section
Experimental details can be found in the Supporting Information. , poly(vinylpyrrolidone) [PVP, (C 6 H 9 NO) n ], molecular weight-10 kg/mol), sodium borohydride (≥99%), N,N-dimethyformamide (DMF, anhydrous 99.8%), and (3-aminopropyl)triethoxysilane (APTES, 97%) were purchased from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum (FBS) and phosphate buffer solution (PBS) were purchased from Thermo Fisher (Waltham, MA). LIVE/DEAD Viability/cytotoxicity kit for mammalian cells were purchased from Thermo Fisher (Walthan, MA). All chemicals were used as received.
Supporting Information
Fabrication of the mechanical trap array. Quartz wafer were chosen as substrates for the microfabrication for two reasons. First, quartz is transparent in the visible region which allowed us to localize the sample of interest using standard optical transmission microscopy; secondly, unlike glass that introduces a strong background in the Raman spectrum, the signal from the quartz wafer does not interfere with those of the samples during SERS detection, especially in the fingerprint region. The MT array was fabricated in three steps using photolithography and physical vapor depositions of the thin film materials. In the first step, the sacrificial layer was deposited by thermal evaporation. For fixed cells and microbead capture, the sacrificial layer was composed of 10 nm of Cr for adhesion and 30 nm of Cu. For live cell capture, the sacrificial layer was composed of 30 nm of Ge. Unlike the Cr/Cu sacrificial layer, the dissolution of Ge can be carried out with aqueous solutions that are biocompatible to live cells and preferred for live cell capture and imaging. In the second step, the frame of the MT was patterned for deposition of the bilayer SiO/SiO 2 bilayer, which provides the residual stress and determines the folding angle. We used a finite element method, described in our previous work [1] to optimize the bilayer thickness to achieve the desired folding angle. In this experiment, 10 nm of SiO and 15 nm of SiO 2 were chosen, which resulted in a fold angle of approximately 120 o . In the third step, rigid segments of the MT arms were patterned and deposited with 200 nm of SiO 2 , which kept the arms rigid and defined the pyramid shape after folding. The fabrication process is illustrated in Figure S1 and an optical image of an array of fabricated MTs is shown in Figure S2 .
Preparation of Janus microbeads coated with gold layer. As a model system to validate the 3D chemical analysis of micro-objects with heterogeneous surface chemistry using MTSERS, we prepared Janus microbeads by partially coating glass microbeads with a thin gold layer using thermal evaporation. Bare glass beads were dispersed onto a flat glass surface and a 50 nm thick gold layer was evaporated atop of them. The spherical bead acted as the mask for itself so that only the hemisphere facing the evaporation source was coated with gold. The Janus microbeads were released from the glass surface by sonication and then modified with the NTP which forms a selective Au-S linkage only to the gold coated regions of the bead. Thus, only the gold hemisphere coated with NTP molecules would be detected in the SERS measurement. The Janus beads were imaged by SEM and SEM images are shown in Figure S3 .
Synthesis of gold nanostars (GNS).
GNSs were synthesized following our previously reported seedmediated growth method [2, 3] . Here, the concentration of the gold seed was adjusted to be 3.3 pM to achieve a localized surface plasmon resonance (LSPR) absorbance maximum of 724 nm ( Figure S5 ). The LSPR of the reaction solution was monitored with a UV-vis spectrometer. The final products were collected after centrifugation and washing at least three times with ethanol and deionized water, respectively. The prepared GNSs were dispersed into anhydrous ethanol with a concentration of 0.5 nM for further use.
Preparation of GNS-modified MTs.
We coated the MT array with a high density of GNS for label-free detection of intrinsic SERS signals. The MT array was cleaned using ethanol followed by functionalization of 50 mM APTES in ethanol for 1 h. The array was then incubated with a GNS solution on a shaker at 200 rpm for 2 h. The array was then washed three times in ethanol and deionized water. The process is illustrated in Figure S6 . High density of GNS coating was achieved and demonstrated in Figure S7 .
In addition, we also compared the SERS intensity of cells deposited on the open MTs with those cells that were trapped in the closed ones, and found that SERS signals can be observed only in a small region when cells were on the open MTs ( Figure S10 ). The rationale for this observation is that the four GNS-coated arms of closed MTs wrap around the cell and provide tight contact with the cell surface in a three-dimensional space. On the other hand, only the bottom of the cells is in contact with the GNSmodified surface when the MTs are open. It follows, therefore, that in the closed MTs, a much larger surface area of cells is in direct contact with the plasmonic nanoparticles as compared to that in the open MTs.
Capture of fixed cells and microbeads.
Prior to capture of fixed cells and microbeads, the MT array piece with Cu sacrificial layer was immersed in 1% APS-100 solution for 1 min. At this point, most of the sacrificial layer on the substrate had been dissolved. Next, 20 μL of cell (or microbeads) solution was mixed with 20 μL 0.1% APS-100 solution, and this mixture was added to the MT array. The APS-100 in the solution slowly dissolved the rest of sacrificial layer and triggered the release of trap arm in 2 min.
Live cell capture. For live cell capture, the MT array piece with Ge sacrificial layer was first sterilized in 70% ethanol for 30 min, and incubated in distilled water (cell culture grade) at 60 o C for 1 h. Previous study showed that germanium can react in aqueous solutions containing oxygen, such as water, buffer solution and cell culture media [4] .
Ge + O 2 (aq) + H 2 O (l) = H 2 GeO 3 (aq), After 1 hour of incubation in 60 o C distilled water, most of the Ge on the substrate was dissolved. This procedure is used to minimize the amount of Ge left on the chip prior to cell seeding and encapsulation. The sample was then washed three times with PBS followed by adding culture medium. The cells were added onto the sample in the medium and cultured overnight in an incubator. The MT arms folded after 12 h with live cell captured inside.
Note on biocompatibility of the MTSERS platform. There are three major factors to consider when assessing the biocompatibility of MTSERS. The first is the use of germanium as a sacrificial layer. Previously the biocompatibility of germanium has been investigated; a live/dead cell viability assay, MTT assay, optical imaging and flow cytometry was used by other researchers to confirm the biocompatibility of germanium [4b] . The second is the use of traps. A previous study from our group [1] has shown the viability of cells in these traps.
In this study, we again confirmed the biocompatibility of the entire platform including Ge dissolution and capture of cells by the MTs. Specifically, MT array piece was treated under the same condition described in the previous section for live cell capture which involved all processing steps as well as dissolution of the Ge sacrificial layer, and the viability of the captured cells were studied using a live/dead assay. After 24 hours, most cells (both captured and uncaptured) on the MT piece were still alive as seen in the green fluorescence in Figure S11 .
The third factor of concern for cell viability is the exposure to the laser illumination during Raman spectroscopy. While performing SERS in live cells, a key challenge is to ensure cell viability during the time course of measurements (and thereafter), since there is a concern that laser illumination and GNSinduced plasmonic heating may cause photodamage. [5] In order to assay viability on illumination, we varied the laser power and observed that the entrapped cells remained viable when SERS spectra were taken using a laser power of 5 mW, as evidenced from the live/dead assay ( Figures S12 and S13) . Consequently, in this work on live cell imaging, the 785 nm NIR laser was employed and the laser power was optimized to 5 mW to minimize the laser damage to the cells, which is consistent with our previous study for live cell imaging by SERS. [6] Characterization. Optical extinction spectra were recorded using a Shimadzu UV-2401 spectrometer. Optical images were obtained from a VK-X100 optical microscope (Keyence). SEM images were obtained using a JEOL-6700 system. Cell samples for SEM were prepared according to the standard procedure reported in the literature. [7] Briefly, the cell samples were fixed with a 0.1 M sodium cacodylate buffer solution (pH 7.4) containing 3.0% formaldehyde, 1.5% glutaraldehyde, 5.0 mM CaCl 2 and 2.5% sucrose for 1 h, rinsed three times each for 15 min with 0.1 M sodium cacodylate buffer solution (pH 7.4) of 2.5% sucrose. The samples were then stained with 1% osmium tetroxide to improve contrast. The cell samples were gradually dehydrated with increasing concentrations of 70%, 90% and 100% cold ethanol, washed with 100% cold ethanol at room temperature and finally dried using a critical-point dryer.
The transmission electron micrographs (TEMs) were acquired using the FEI Tecnai G 2 Spirit TWIN transmission electron microscope at an accelerating voltage of 120 kV. The samples for TEM were prepared by deposition of a drop of the suspensions in ethanol onto ultrathin Formvar-coated 200 mesh copper grids (Ted Pella, Inc.) and left to dry in air.
Cell culture. The breast cancer cell line MDA-MB-231 was used in this work. Cells were grown in DMEM media supplemented with 10% FBS and 1% penicillin-streptomycin in a humidified incubator at 37 o C and 5% CO 2 . The live/dead assay was performed by incubating the cells with calcein AM and ethidium homodimer-1 in PBS solution at 37 o C for 30 min. The cells were then examined under a fluorescence microscope.
Immunofluorescence staining. The captured cells were fixed in 4% paraformaldehyde solution for 20 min, followed by permeabilization in 0.5% Triton solution. Fibronectin antibody (1:100 dilution for primary; 1:100 dilution for secondary AF488 mouse antibody), and red-fluorescence phalloidin (1:100 dilution), Hoechst 33342 (1 µg/ml) was used to stain fibronectin, actin and nucleus. The sample was imaged under a Zeiss LSM 780 confocal microscope. The fluorescence images were processed using the Zeiss Zen software. SERS measurements. The SERS measurements were carried out on a home-built, inverted, high-speed confocal Raman microscope. A compact LM series solid laser of 785 nm emission wavelength (Ondax) filtered with a clean-up filter (Semrock) was used as the excitation source. Galvo mirrors were used to control the laser beam for the high-speed XY scanning. A 60× oil immersion objective lens of 0.65-1.25 NA (Olympus) was used to focus the laser beam and collect the Raman scattering signal from the samples. The backscattered photons were collected by a 50 μm multimode fiber, delivered to a HoloSpec f/1.8 spectrograph (Andor) and the dispersed photons were finally detected by an iDus CCD Camera (Andor). Labview 2013 (National Instruments) and MATLAB R2013a (Mathworks) were used to control the microscope operation, spectra acquisition and data analysis.
3D SERS images were constructed using a series of X-Y spectral maps collected along the Z-axis. The center and the radius of the MT immobilized bead, estimated from the stack of normalized intensity maps, were utilized to delineate SERS signal from the Raman reporters on the bead surface. From the normalized intensity distribution in successive Z-planes sampled experimentally, the intensity profiles in the intermediate axial planes were obtained by transforming the data into spherical coordinates and employing triangulation-based linear interpolation in MATLAB. The resultant dataset was used to render Table S1. SERS band assignments of nitrothiophenol (NTP)-functionalized microbeads and breast cancer MDA-MB-231 cells both trapped within MTs. [2, 8] NTP-functionalized microbeads MDA-MB-231 cells Peak/cm -1 Assignment (iii) the rigid segment layer is patterned and deposited with thick SiO 2 ; (iv) the closure of MTs is triggered by dissolving the sacrificial layer which releases the arms while the central portion remains attached. Alternatively, the entire MT can also be released for capture off-chip in solution by skipping the patterning step for the sacrificial layer as seen in Figure S4B . after SERS imaging measurement. The SERS measurement was performed with 10 mW power, 1 s integration time and 50 × 50 pixels over an 80 × 80 μm 2 area. The SERS image is localized in the center and better defined. Note that the triangular portions in panels (A) and (C) come from the residue where the trap arms were patterned. Scale bar: 10 µm.
Figure S13. MTSERS imaging of a single live cell and verification of long-term cell viability. (A)
Overlaid optical and MTSERS image of a single cell in a closed mechanical trap. The SERS image was colored based on the intensity of the C-H deformation band of lipids at 1456 cm -1 (red) and symmetric ring breathing vibrations of phenylalanine in proteins at 1003 cm -1 (blue). Note that the four rectangular regions in panels (A) are from the residue where the trap arms were patterned. (B) Fluorescence images of trapped cells stained by live/dead assay, taken (i) immediately, and (ii) 48 hours after the MTSERS imaging measurement. Green: Calcein AM. The SERS spectrum was taken at the laser power of 5 mW. This sample is the same cell sample used for the live cell test shown in Figure 4C . The green fluorescence demonstrates that the cell is viable both immediately following the MTSERS analysis and after post-acquisition incubation of 48 hours, indicating that the MT can serve as a miniaturized capture tool for long-term investigation of single live-cells. Scale bar: 10 µm.
